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molecule* on hi surface" Th««» ~.n. u 
of the pap&ie realiSj* M ' I??^ ceJ,t equivalent amounts 

similar findings for a atahl. i ^7^?.' V*"* * c demonstrates 
The oaanatv «f S... J? 6 ^ coJ1 tranefeotant expressing Sw 

affect the level of ncntlde Wh^r»S w T3ST1 did not 
*••» cells i. shWffi Jffi* £?, e " nd , ,n « of TSST.l to 
equivalent amount* of DPmmJZV? 1 }™??* 0 '**** o*Presaina 
P«Ptlde or reS™, T(Sft dj aC " blnd •»*» tte Motfnykted 

used'^PrwumehWAatMH^ pep ."? d ° ^ der the conditions 
U ^culeaTafwlM^ 

from those that do not^^Z Wotioylated peptide 
««d pepddeTthVsaSe DR moS??V ladin< of ™ST.l 
with the model of mSn i *«» «0«t consistent 

™ ou*de onhea^hSSSjSf *» — « •* 

*• ^TdSl^d^^n^^ b «W"> 

The maximal r*m««. # the 0-chaln of the T cell receotoT 
V3«and VBtTcib, * 1 B Prominently by ceUs bearina 

molecules were Sr bet^ at imSj^ f 3a 'j^ J muxine » 
Presence of myooDlasmaJmEf!£™ of Pwifled T cell. i n the 
ing Aa-Afi. Alto, the 

Oxpfei«fon of***?!*! f*^? J A 



Empty MHC class I molecule* 
come out in the cold 

degraded proteins to mTclli^.E r ^L*?** , «l»acellula* 
for efficient assembly lad | B ^Si!S P t VU J^ ldl,S8 T 

•asemble la the ansWtf *^2E?i r . dMI ' "oleoUea can aver 
«* the -^I^bK^'M^ <** euttors 
taraperetum c1s2mVS^ J™? 1)811 u& * KMA-8 at reduced 

level*™ SS. ^S^^™, 5 , 1 * *'* ^ toTbg 
Plaxa. that do^L^^^-^frmjarotlrt^ 

37 -C. They on iTSffiTOrS^f? 0 UWb at 



Ing Ao-A0. AJaoVthe^nZ.!^ W f* flbrl °Wa«ti express- 37 •£ ^v"~TJ"^'y,* IUJ<> e enwl * ■utteeas, and ara"biiTr^ 

h^«^ ^ IM^' ^ 

•election of ^ T . Mll «tudi,d the 



•eleonon of the T-een reneS * L have studied the 

J*^ «"^iKtt% , ?tt^ Mice 
•trie* requirements for the c£« Tnh^S. "d ^-chains have 
Positive selection onhet^^MV*?? ^ ^ to 
express the tr«ns«onic TCR« ^Ji 1 However, mice that 
of endogenous TCR aX a iS^ m V^l a ^ ' 
. h«Plotyp« (all ofrtii2. w by several l-E 

<**b), aua^tlni 52 Ae' TcVvT^? ,phle U - 
ekH « «-c»^Th«e date lie fc£ ? J"*?*" "** 
Physieal, Interaction betweeTthe^ J,Vt * ^onal, if not 
region of the ira iT 77. 0 O'Oham of I-B and the Vii 

Of tSST'l m tS-a'sSS T *^ W '*•^ol»dln^ 
*lth this hypotnt£ R « m ? U J^^ a lf -T 1 - iB «o™l«tem 
points between the D» * . thew «* contact 

TCR. e DR «* ca «k «ad the V/s domain 7f The 

■ O 

"^^W^smsswptwiamiSBP, "~ ~~~~~ ~— ~ 

S a A «SS' W ^«—«r. as^ssrs , 

2" I? 4 L J 1, ***•*&. a dm* ail iiJrI!?. M * 4,s -«*lta9W. 
» ^^4s.^a*jM,^*^^fW 7* 
'»« «x u«a sa sns^TM asea 
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but are un^bW^tf?^^f 1 can aa^S, 

noleento at redoeS ttTl^^ ,Bd ««ion of ^ 
nature of MHC ^mss i^ZfJ^l^^, *** to """lyaa the 

"»e cell surface <10%of Z ^L^.,' W S > «tpr«aes at 
compared with juira ~ . «n>ount of class I moleoules 

of synthesis ofd^ r heX^S h-S 00 ." 8 , ^•o-'" 4 . Rates 
RMA-S, and analysis of «* normal in 

po^bil tythat A7^ c « I ^J, A " S - L - 6a11 hybrids exclude* the 
or nshnajTo? rSS*^" * * H-2 Sea? 

. of das. I moirJeV^ thTE^S^ °° break *^» 
alycan modifleatioM weS .1!^. *«d-type line occurred, and 

at low temperatureieem tab. fiS^ ,M "* r . &t oell surface 

on the «1. a2 or ^oZlZ ot^Vj^t 98 to "^P" 
^-microglobulin was observed <f1 ^ ^ ^' « w ell u to 
face-labelled materUJ o ffifti iS ' Cmnpaxison of aur- 
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mation-lndepoitdent ebti-K b axon S antibody (a gift from Dr B 
Barber) reveals the existence of class I molecules on RMA-S 
(37 *C) that am not recognjjwd by the and-H-2 b serum (possibly 
reflect^ the population of HM molcculei that can be stabilized 
by addition of peptide at 37 -C), But there u a significant increase 
in the amount of materia] recovered with both entisera on culture 
at reduced temperature (data not ahown). The effect of low 
temperature on claw I expression on RMA-S differs from the 
e ject of peptides added at 37 *C l . Low temperature increaaes 
the expression of both D b and K\ whereas peptides have pr* 
dominantly allale-spedfie effects 1 . The two effects are additive 
during the first 6 h ofincubation at 26 *C (data not shown). The 
effect of low temperature on class I expression was also observed, 
but to a lesser extent, on RMA under identical conditions (Fla. 

RMA-S has been repotted to be incapable of presenting 
|n *^y derived antigen* to H-2-reatricted cytotoxic T lym- 
plwwytei (CTL) specific for viral 1 , minor histocompatibility or 
tumour antigens*. RMA-S (26 X?) remained resistant to H-2>. 
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RMA (87) 



RMA (10) 



0 0**^/ H jgnjU* 




5!LLf5? wanalationaj modifications and eteblffly of close I molecules 
^^^<*^?J£2P ™*™f* wers cultured end mettixxl- 
2rSL l * a J!l? or 10m,rt Bt37 ^ cHaaed for the nmaa Irttksted at either 
28ic or 37 *C and lyacd. Oiasa I molecule* were Immunoprectoftated and 

^5;^^"^ 5^!*?* * mocrflBBticne (ablation), 

mS^JZ^SS^Sf was higher In W^chased 

2 RMA-® were Cultured at either 37-0 

Z £5 ^M^Wted by todinatton and V«c, Lysates were incubated 
et^^j^rwjrec posted Cicee I molecules were then Immunopreelpi. 
tsted and analysed by 60s- PAGE. Note the disappearance of jsntWW 
reactive material of RMA-S (26 <0) on incubation of the lyaate at 37 -C (only 
the heavy cnein refllon of the gel to shown fn C). The email amounts of H-2 
are expressed on the surface of RMA-S (37 K) exhBJH simitar thermcia. 

^ii^ ) ?*?J3?* ur * * W ' < lnoubBtlon Of RMA-S CM«C) lyeatee 
wee performed at different temperature* as indicated Note the reduction 

*"* *** ' moteeu!M «houoatlon et temoereturea 
**IH3D8. a Ten million cells were pulwMabefled with 600 t*Cll**]methlo- 
, NATURE • VOL 346 



restricted CTL directed against minor histocompatibility antl- 
gens (Fig. 3«), despite a 5- to 10-fold increase Ln H-2K b and 
D expression at the cell surface measured in parallel by cyto- 
fluorlmetry (data not shown). Similarly, the RMA-S (26 »C) cells 
remained resistant to a H-2D k .rcatrlcted influenza-speoifio CTL 
clone after virus infection at 26 °C (Fig. lb). But when tested 
^•H;2JD b -™tricted peptide, NtSt^RW^ 
waa 100-fold more susceptible to lysis than RMA-S (37 °C) in 
terras of the peptide concentration required to induce 50% Idllina 
(Fig. 3c). Although RMA-S (26 ^C) had half the H™ ? 
express on of RMA (37 «C), RMA-S (26 *C) could be sensitized 
at a lower concentration of peptide than RMA (37 *C). Note 
that the peptide titration ourve shifted also for RMA (26 *C) 

We propose that the class I molecules exported to the cell 
m *JL 26 ^ te RMA " S tock P^de In their antigen-binding 
pocket Our previous experiments suggested that peptide U 
ESSfPiil J?*2fi bly ^ stabilization of class I molecules at 
llnJ!lW£&? 0 toit whethCT I molecules Induced 

in RMA-S (26 *C) were unstable at physiological temperature 
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nine (1,200 a mer* Ameraftam) for lOmln et 37 K end chased In the 

SSrSb£ Ttt£X2*P" fo ' dMtarant P*** 8 « either 23 «0 
or 37 tret. After lysis, free 0 a m was removed by Immuncorecioitatlon 

f^^tt?"?!? ^V*' iBX *»* ]f * «mmunopre^§K^ 
ai mm enti-mouee r+-2 serum (e ft from L RasK, t^eaiej ref . 18 enda 

ffi^i l lJ^1^ M L a ^^ ^ HLP - '"^rtot submitted) 
* (h8 .^ n ! m - 5 ^nmiinopreclpftates prepared with normal 
mouse swum ee control. 6-d Cells were cultured for 48 h et 26 or $7 *C 
nWW-1440 mecfium, retet caff serum (PCS). Five million cells were surface- 
^befled bv laotcoeroddeee-oatelyeed todlnatlon as deeoribod". cede were 

Hl^ 1 j 7 *5i 1 1 fnM P^nylmethylaulphonyl fluoride, i^mi^ trypsin 
^, mJ »«^cptln, 30 mU of trypsin Inhibitor mr 1 aprotinln 
Wl^)), Thehjsalee were Incubated at the temperature Indicated for In 
2 ^* fWTW, # lfi OX. H-2 Class I were Immunopreclpltated with ra bb it 
ar.tWj-2 serwri (aee ebovs) as deeorteed 17 , and analysed by SOW AGE on 
e 12% gel. Relative molecular mass standards (H xlO*^ are to the right 




LETTERS TO NATURE 



H-2 expression was examined after shifting the cells to ii «r 
SSfci ° K W ft* *• • nd °P 1 M°'io reticulum to the eel 
JLy- A1 f er *n at 37X5 only trace amounts of induced ir> ««S 

,r. and D ,n ^treated RMA-S (37 «C) cell, 
rtf' , ^ tf'J ta •i'^Mont with the rapid decay of WosvnthetJ 
ealiy labelled date I moleculei in RMA.fi Srfa Bv 

?"*Jf iftw aj, in BFA-treated RMA (37 «C) ceUe and tha£ 

Significant amount* of surfece-lodlnated H-2 d... t 
molecnle, comparable to the amount. .Sen £, RMA fs' W 

ITSHii- . ' Pl8 ' 161 *)• Wken lyiates were Incubated at 37*d 

Yh% b„. »wi^ « h »erved (compare lanet 5 and 61 Fig. 

a .QlZf*^* ly, ? M ' bulnot f « lyeatea, there was 
a sharp drop in quantity of H-2 reoovered. whT InaZZhZ 

Y'"* 8 £~ni RMA-S was not due to proteolysis as ludaed bv 
the oontinuedpreseace of H-2K» and D k heavy chat, 

or peptides, addition of class Lblndiag peptides to BRA-toMtarf 
f^^?^ tb 57 ^ »ho«lartaKie^i A £oS 

eestv class I molecules at the cell surflu» nT-.. /. » .... j 
P08t.tfanslational modification < cb£™^E' IV undei *° 

» present internally dsrived antfen. to CO(Pte 52 8 ffi 
£E.^%f° U I,/ 6ptldM effldendy Jan class J 

(« » sLbuM d - tyPe ,lBe CU,tU " d « S7 £ SS 3cMnd 
n,.^ /Si by exogenous peptide, in an allele-sDeclflc 
manner (Fig. 4a, c . The mostsln^etatoroMtatioa Tl? tfcZ msw? 
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Fluorescence 

ewnrnl line fWwS^«^%1Xr^ S?5 ° «W«eslen on the 
. ^•W^S'^a^^^^*^'" 

level of axprcisbm reeohsc tfatefRM a ( «V,? 2^5 nal •^rimente the 
at the eTsS ^S^w^mi^i 1 ? of dasa 1 

at low tan^raturaTSaZ ^ll ^ am| -^ * ^ " rtuo *' 
dependent etftopa on tto?i ^^^JZSSSTi 'J?**™ 8 *"- 
entftodiee Z2-14J53 (D», «4 e S! B^S.^St! *P" m0neela ««l 
c* eharta c.a, c.r. &u C4*n5 21 a« J5l ea *ff* aw 

ahmoM ua. (ret. fiTOKKSS ^ ( °* fef ' 

In a heat-adjuat^ie water bwffor 'aaa m * ^J^ 1 t l ,1ten « l oap. placed 
noted otherwi*. Ouitureat W^Uw^s <a-O^T^ >m " e un,eM 
reduced viability of aeti* tr. 3„ i . 2 fw 24 h or usually 

OAK^penhiSn, oSwS ^ ar^i-mouse Immuncglobulin (2109; 
In 194 t^^^^^^ r e f^ in PBS, fliwd 

(wf. 27) vra Tarn ): S^ 8 ; tfftfP0,nai tommerllnit i^^B 
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FIG. 3 Senalthmy to .cytotoxic effector cells after induction 
^f^iCS?*!! * low ^nwratune on RMA and RMA-s. 
A RMA-B(2a •CJ cede fire not recognised by CTL traffic for 
^ / t^f^P«a>Dlty amiton* In *Cr releaaTessay «t 
r^^tSE^-S * chart). Target mhTwW. 

(26 TJ. Note that thlfi reaistanoe was also observed ff the 
cj^rtojk^ assay wea at 31T5 (Pig. 3a), that la, within the 
temperature ranee permissive for high feveis of ceil surface 
^SSSSSfJSP ! J^"*" (Fig. 2e). d. Low temperature 
treated f«MA-8 calls Infected with a recombinant vaccinls that 
expresses a rapidly degraded C-termlnal fraxment of 
irrRueraa NPOr^AC, raf. 28) are eiec not reoognteed by 
H5i?S!2?5 ^ cten§ - re « T «reet oeris were* D, RMA 
2S7iA^A^^2if*S * RMA (26 -C) infected with 
^•VA^RMA-8 (37 infected with IMP-VAOj RMA-3 
M X) tataM with IMP-VAC. Uninfected ceHa v^notlyael 

TSJi fmS sST^J *^J^^re(not shown). 4 Recognition 
WO»r» F5 ofRMA and rma-8 after Incubation at 26 «c or 37 «c and 

PJVIA-8 (37 •01' RMA-8 (26 *C)i Q RMA 37 «Cfe ■, RMA (2d «rA The CTL 

gon^waa used at a killer/target ratio of 671 

I^THOOa. CTL in a wars generated by secondary mixed tymehoevte culture 

waa isolated from en Influenza virus-infected 86 mouse ea deserfced* 4 In 
fttt was tested against RMAendRMA* Infected w^reco^Sr^^ 
ttstex»res«ed the ^terminal portion of Influenza NP (w^xlSm^) 
Mndar the control of the vaccinia virus 7MptSZ^!r^S^i 
fornicated «26<Ccr37-Cfor24h, e<Jlsctedai*^^ 
forming units per ostl of recombinant vaccinia, and \m^S**!m£ 




surface expression that is induced by peptide 1 , involvea stabilize 
ation or empty molecules at the cell surface. Indeed, empty class 
I molecules can efficiently bind peptide in call Jysates*™ The 
quantity of peptide taken up by RMA-S through endocytoais la 
sufficient for atabiliza^on of pulse-labelled H-2 molecules in 
nob lysatea". There la therefore no evidence in favour of 



FXL4 Ctaea I molecules induced at low 
temperature on RMA-g are not etabie 
at 37 *t but can be etabillied by pep. 
tides aoo^exoA^wuety. The Influenza . 
peptide NP 363^380, which is a defrwd ' 
epitope presented by D* (ref. 29), pre. 
*atfed decay of & Induced at 26«o 
but not of *K* (Pig. At). The opposite . 
pattern was seen for the peptide NP 
345-360, which stabilized K» but not 
* (Fig. 40). The stabilization lasted for 
at least 4 h. ft waa raaoHy observed at 
a peptide concentration of 10" 4 M, but 
aajs not electable at concontrationa 
below 10^ M (data not shown), These 
ffneentratlorte of peptide are aimiier 
to thoae required to restore class I ceil 
furf aoe expression in RMA-fi at 37 «C 
Ojf • IX A H^carfved aaotejhea 

aertSS tTiSl, 001 !!^ for H-2D^e*trloted presentation of 

S22v . 0ouW 8taW,l » °^ rnoiaculea on RMA -6 (26 *0 (Pig. 4c) A 

went *m a low affinity of H-2H* for the peptida* The decay curves for 
m Jjretaubatec rat 26 •O and 37 -C Oorwerg^au^atirS ^uto- 
S^,f!* ^^V™** »noreaeed the propo^ of tns^da^ 
jotecufes Tr* date are coneiatant with the existence of two populating 
LTL^f* ? m to hatf-W*- Ona induced atM^onboth 
r^t^^^l?^ Of~ihat37-Ctheomer mundc^ryon 
ST T* f ttbNp at 37 ^ with a harf-lrfe >6h. a. Decay of on RMA 

• r^Xttjen imubated ot37 *c In tf» presence of brefelcln A. CeJis were 
SttSl^ «^ « D and snarysed by FAC8 (aaa MfiJ 
" a want timepoirtta after transition to 37 •O. oaoxground staining with 



so n a 0.4 io w i o.« ■ *s (j^i7 
Number of affeotore per target 

Peptide (nM) 

cWaVa*^^ * ft 091,8 ^ ^ raauspen- 

fS-^T^ ^ 37 ^ f0f 4h to aUow for synthesis of verclnia-ereoded 
protaha. cena were again washed and set uo in a 4 h^S^Mm» 
37 X (ref. 29) with CTL clone P8 at IhekliS^rWcS 

^^«^^ rfaee w?W6kx] of ^ measured w^TeScrS 
822,249 ft^aacence) maeaured after IncubatimM Tthe 

at 26^ c^7^la^lS X J^^wtl 24 h 

r*S ^ fZ. ' wttn ^> and incubated with peptide NP S86-379 

^f^^^^T^ ^l^tratlc^shown for 90 mla 
W*. , ^ ar * axposlng to CTL done P8 at a K/T ratio of Sil for a 
^ ^'""^ Q ^ 37 X. Surface expression of C^aaJred^th 
tt>sinorK)rtonai BJ2.249 after incubation at the afferent lemperaoWbut 



retrograde transport of peptide to the BR where it would induce 
assembly. 

tth ^^ pe ™^ Eduction of heterodimer assembly in the 
absence of peptide is a novel phenomenon that opens new ways 

olaea I interactions? tut 
their role in various functions ascribed to MHC class I 
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secondary fluorescent antibody alone Indicated (---). 4 mfluenxa 
n^proteiivft^ peptides prevent decay of induced class I molecule* 
on RMA-3 (2$ -C). Sampiee were Stained and fixed for PACfi analysis (see 
% 2 l* f * r %S ™£4 * [f* 37 "C, with rfwnodonale against K to ( x, 28^.3^$); 
and fO» (•, 28-14-68). Stabilization generally lasted for at least 4 h. it was 
reatffiy observed with peptide concentrations of too uM or more end was 
not detected at concentrations below 01 uM. a Peptides drlved from a 
censarved region of the moleouie (residues 171-182) prevent decay 
^ n *** « ^ experimental eorWonsas fnT^ 
^^^J^^^Xl ?. fT ^ marol) ^ added to a mixture of 
U»B6) 346^360, gTving a final concentration of 10 p« mr 1 BFA and 200 uM 
m^S?^ me<Suni waa wh««wt peptide. The mixture 
of cells, BFA and peptide was then immediately put at 37 *C (M C0 t ). 
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auunl Sllerocll^. TtC ° Balti ' m h > •Uoreactlve CTL«-» and 
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Specific expression ef a sHk- 
encoding gene of Bombyx In 
the anterior saflvary gland 
of DrosopMd 

■nino BeMo « Pierre Ooubte* 

To whom aqnu ponatne, atomd be 

^WTtaeZ conitruots uwd far ft 
?*»]«Wter transformation wperiments ana 

^w»«on w the ohlmaerte genes. P2S ganomta 
ftWiwti with various length, of C imZ 

niead fn frame with the £ erf fl-**Uc- 

noote. UWfll te} er «terfie <h») Inaertlona wa«. 
Bans was either m. •^^F*^*f ort P u <«* 
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Etna W t5^£^^ of the fused 

^W^attan^r^ W,,ta ^ to t*t of tr* a* gene 

■SS-^fi^^ *** con. 

Constructed bv i^^>(^«^u , ^ P&"R2S(-Ma3/+r3)lBaZ wm 

with Pointer ^Z^ n ' ns ""eton 
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were ascertained tor 0^ se«S aSSS^ ra5 J? '** <«?"WC8 
StJUOts^fr^rtatflntortslSS P2fi-lec2 con- 

nwtAIcm strain ( W at \ SSf^^SSS^T 9 ^ ^ 
Insertions ^ ^^yJ^^^t} y 1 *• L^ant Autosomal 

^^^^^^^^^ 
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The Major Histocompatibility Complex / 273 





TABLE G. HLA CiSSi 


ut associations 














Frequency « 


Disease 


Antigen 


Race 


Patisnle 


Controls 


Narcolepsy 


HLA-DR2 


C 

a 


1.0 
1.0 


0.22 
0.34 




HLA-B27 


c 
d 


0.69 
0.81 


0.09 
0.01 






N 


0.58 


0.04 


ReilB e ^ ^ diabetes meiRtus 
Insulin-dependant Qtaoeiea mwi«u» 


HLA-B27 

HLA-Bfi 

HLA-B15 


C 

c 

c 


0.47 
0.40 
022 


0.10 
0.21 
0.14 




HLA-OR3- 


c 


052 


0.22 




HLA-DR4 


c 


0.74 


0.24 




HLA-DR2 


c 


0.04 


0.29 




HLA-DRB1*0301 


c 


0.54 


0.27 




HLA-DPB1*0401 


c 


0.59 


0.26 




HLA-DQA1 # 0301 


c 


0,86 


0-35 




H LA- DQB 1 "0302 


c 


0.81 


0.23 


Dhmimfilntd arthritis 


HLA-OR4 


c 
o 


0.66 
0.68 


0.25 
0.39 






KJ 
IN 






Hodgsln's disease 


HLA-A1 

HLA-ORBl*1104 e 


c 
c 


0.40 
0.056 


0.32 
0.013 


HsfAOchromatosis 
Psoriasis 
Celiac disease . 


HLA-A3 
HLA-Cwfl 


c 
c 


0.78 
0.87 


0.2a 
0.33 


HLA-OR3 


c 


0.78 


0.26 


Multiple sclerosis 


HLA-OR2 


c 


0.59 


0.26 



^?t^ooend?a tfve nare^lhe Wei gartotypto frequencies of all individuate with at teaat one copy of the disionated 
aiieie. Berth homozygous and heterozygous Indhrfduala are included. 
•In this esse, the frequences are based on flilala frequenci™, not genotype frequencies. 
Taken from ref, 113. 



s ntoro complete retrospective evaluation of the available data sug- 
gests that with the exception only of the gone, tea sponta- 
neous mutation rate for H*2 genes was comparable to that for 
ganea (154). The characterization of these mutant ani- 
mal*, first based on peptide rasps and amino acid sequences of the 
H-2 proteins (135-133) and later based on the nucleotide 
4cquence*of the cloned cDNAa or genes (101,102), provided some 
Of the basic biochemical information on which later studies of 
structure and function and mechanises of gene evolution were 
bated. 

Expression of MHC Molecules 

MHC molecules Synthesized in the BR and destined for CcU sur- 
*** expression^ are controlled at many step* before their final dis- 
J^tiori a. reoepiors available Ibr interaction with either T cells or 
«l«- C The MHC-I molecules should be viewed as irimOT, con- 
mi™ii «* l 3™»Pfo« «eavy chain, the light chain, $2- 
nuni wcmbled aclf peptide. Since there arc 

latew ' TJ* in Wo *yntbcsts of the MHC-I moleculo, <egu- 
^nie^tottT 8 CWl ****** Bt almost every step. In addition, 
(he vertebra? C0ntillU0ua * tr «8S>e between the immune system of 
number of ■? ° l * U|inn ' * tld rapidly adaptiblc infectious agents, a 
vinji^n!? 51 m wneais and expression are inhibited by/ 

^S^UfbrT O, . cpn, » o1 of MHC-t expression is genetic; that is, S 1 
Bra PsxfaenUr chain mast be present fox the trimer to ba 



expressed. This is of course most relevant for pZHmicroglobulm, 
which is the obligate light chain tor the complex. Induced (32- 
m-defectrve animals (139-141) lack normal levels of 

MHC-I expression, though tor some molecules detectable amounts 
are present. 

The next level of MHC-I expression control is transcriptional, 
and interferon-^ (IFN-Y) regulation is particularly important (142). 
For the most part, MHC-la molecules are ubiquitously expressed, 
and the basis of the more limited tissue-specific expression of 
MHC- lb molecules is only beginning lo be explored (143-145). 
Interest in the regulation of placental HLA-E end HLA-Q expres- 
sion is prompted by a potential role in the mother's tolerance of the 
fetus. 

The rest of tho MHC-I biosyntnetic pathway is dependent on 
proper generation of cytosolic peptides by the proteasomc and 
delivery to the BR by TAP, appropriate core glycosylatioa in the 
EK transport through the Golgi, and arrival at the plasma mem- 
brane (146> A number of persistant viruses have evolved mecha- 
nisms tor subverting this pathway of expression. The herpes sim- 
plex virus encodes a protein, ICP47, that blocks the activity of the 
peptide transporter TAP (147-149). Two proteins encoded by the 
human cytomegalovirus (HCMV), US2 and US 1 1 , cause rapid pro- 
tein degradation of MHC-I molecules, and another KCMV protein. 
US 18, which has sequence similarity to MHO I molecules, may 
affect normal MHC-I function by limiting pZ-rn availability. The 
precise mechanism of US 18 effects remains controversial. Several 
viruses, including murine cytomegalovirus (150), adenovirus 2 
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TABLE 1. Listing cfHIA ctaae I a/te/e* 



Ht-A-A 



HLA-B 



HLA-C 



HLA-E 



HLA-G 



Serology 

Al 

A2 

A3 

AH 

A23(9) 

A24(B) 

A25P°> 

AZ£K 19 ) 
A30<19) 
A31(1S) 
A32(19) 
A33(1«> 
- A34<10) 
A3B 
A43 
A66 

Afia(ae) 

A69(2B) 
A74{19) 



Alleles 




Alleles 


Serology 


rVlldCB 


A*0101,Ol02 


B7 


B-O7G2-O70G 


Cwi 


CW01 02,01 03 


A'0201-0217 


Be 


B'OS0 1-0803 


Cw2 


CW0202 1.02022 


A*0301.0302 


B13 


B*1301 -1303 


Cw3 


CW0302-O304 


AMIOI-tlOS 


B14 


8*1401.1402 


Cw4 


Cw"0401-0403 


A'230l 


BIS 


B'1 501-1531 


CwS 


Cw'0501 


A'24O2-2410 


B18 


0*1801-1803 


CW6 


CW0602 


A"2601 


BZ7 


8-2701-2710 


CW7 


CW0701-O705 


A*280l-26OB 


B35 


B*3S01-4518 


Cwfi 


CW0801-0803 


A*290 1-2802 


B37 


B-3707-3702 


— 


Cwv-12021-1203 


A*30D1-30O4 


B39(16) 


B'3001-3802 




CW*1301 


A*31012 


B39(16) 


8*39011-3909 


— 


CW~(402,1403 


A 4 a20l 


B40 


8*40011-4008 


— 


CW* 1502- 1505 


A-3301-3303 


B41 


B*4 101 ,4102 


— 


0^1801.1602 


A*340l f 3402 


B4Z 


BN201.4202 


— 


CW1 701 ,1702 


A-3601 


B44<12) 


B-4402^U07 




A*4301 


846(12) 


B-4501 






A"«601.0«)2 


B46 


B'4801 






A # eaai 1-8803 


B47 


8*4701 






A-6B01 


" B48 


B"4s01,4802 






A-74Q1 


B49(21) 


B-4901 






A*8O01 


860(21) 


B'5001 








B51(S) 


8*5101-9107 








B52(5) 


B*5201 1.52012 








B53 


8-5301 








654(22) 


8*5401 








B 55(22) 


B*S501~S5O3 








656(22) 


B-5801 r 5802 








657(17) 


B-S701-5704 . 








B68(17) 


8-5801,5802 








B59 


8*5001 








867 


8*6701 1,6701 2 








B73. 


BT301 








B78 


. 8*7801,7802 










B*8101 










5"8201 







Serology Alleles Serology Alleles 



E*010l- 
O104 



Q-01011- 
01 04 



This (1st summaries the designations erf the human MHC-I HLA gene products as (hey have been known based 
on serology, and as they have been assigned by nucleotide (and thus Inferred amino add) sequences. TM Is (able 
is taken from that of McCluskay (262). Freojuanily updated listings of HLA aDeles as well as alignments of their 
sequences can be found se ht*p:/Awvw.teroi.uk/axpA!a. Current serologic dasignanone are given in the "serology" 
column, with older corresponding numbers listed in parentheses. II Is apparent thai some or the most recently iden- 
tified alleles (in particular, those of HLA-E and HLA-G) have no I been identified aero tog realty. 



chain. The hctcrodimore usually consist of ehe assembled products 
of the linked genes encoding the two chains. In the mouse, the 
products of the Ua (also known as tA<f) and lAb (or fAfi) genes 
asiemblc to form the I A hcterodimcr; and similarly, the products of 
the lEa (/£cc) and lEb (/Ep) genes assemble to form IE. IA and IE 
*re often referred to as isc types. The allelic forms arc usually 
referred to as LA b . Li*, or IA*. Under some circumstances, mixed 
tacrodimers, which can be of immunologic importance, are ob- 
served (23-27). Thus, if one is referring to a mixed heterodnner 
consisting of the a chain of /£" and the 0 chain oiJA\ one must use 
toe more precise but cumbersome description lA0*Eor* (IAb^af). 

the human, particularly in referring to MHC-D molecules, the 
distinctions between molecules identified by antibodies and those 
identified by DMA sequence typing must be made (see Tables I 
»nd 2). The bulk of the serologically defined differences rest with f 
(he p chain. V« 



The Function ofMHC Molecules 

The major function of the molecules encoded by the Mhc is to 
facilitate the display of unique molecular fragments on the surface 
of cells in an arrangement that permits their recognition by 
immune effectors such as T-rymphocytes. The MHC I or MHC-II 
molecules arc those cell surface glycoproteins that actually per- 
form the binding and recognition steps, while other genes that map 
to the Mhc-I or Mhc-ll regions may contribute to antigen-process- 
ing and •presentation functions in other distinct ways. The MHC 
molecule accomplishes its major role in immune recognition by 
satisfying two distinct molecular functions: me binding of peptides 
(or in some eases nonpepu'dic molecules) and the interaction with 
T cells, usually via the o$ T-cell receptor (TCR). The binding of 
peptides by an MHC-I or MHC-II molecule is the selective event 
that permits the cell expressing the MHC molecule (the antigen- 
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TABLE 2. Listing of MCA class U affetos 




HLA-DR 




HLA-DO 




i_if *.np 


Serology 


Alleles 


Serology 


ASetes 


Serology 


Alleles 


a-Chain 






OQA1 0101—0105 
DQAi TrZO I 
UUA1 OJuT— UJU^ 
LJIJA 1 UAO l 

DQAV0601 








DRA'OlOI-0102 






l?rV\i Oiu3— 01CM 
nam « 

U"*l U3U1 

UrMl v^Ul 


p-Chain 












DRt 


DRBVOI 01-01 04 


DQ5(1) 


DQB1 *DSD1— OS04 


DPwl 


DPB1*0101 


DR15(2) 


ORB1M501-150.5 


DQ6(1) 


DOB1 '0601-0611 


DPw2 


DPB1*O2O2-O20« 


OR16(2) 


DRBl "1601-06 


DOS 


OQ81 "0201-0203 


DPw3 


DPB1 *0301 


DR3 


DRSi-oaoi-oaoa 


D03 


OQB1-0301-0306 


DPW4 


DPBl*04O1-O40J 


DFU 


DRBVO40 1-0423 


DC4 


OOB 1*0401-0402 


DPW5 


DPB1*0501 


DR11(5) 


ORBI'1 101-1127 






DPw6 


DPBl*0601 


OR 12(5) 


OR81 "1201-1204 








OPB 1*000 1-41 01 


DRl 3(6) 


DRB1-1301-1312 






— 


OPBl*4401-6S01 




ORB1 " 1 40 1—1 425 










OR7 


DRBV0701 










ORB 


DRB1'OB01-Oei3 










0R9 


ORB1*0801 










OHIO 


DR81M001 
DRB3-0101 










OR32 


DRB3-0201-0205 
DRB3'0301 










QR53 


DRB4*0101-0103 
DRB 4*01 011 -02 N 










OR51 


DRBy0101-010B 
DRB5*C201-O2O3 











Lists of HLA alleles and regular updates and aligned sequence* can be assessed from the TAL Homepage at: 
http;/Avww.lcnet .ufc/axpVtfa 

Aa Illustrated by this table, the serologic assignments of HLA class If moJacutes do not always correlate with the DMA 
nomenclature. Serologic assignment of HLA-DR molecules *te largely determined by the DRB1 gene product, while 
assignment of DO motecutea reflects serologic contributions from both DQA1 and DQB1 gene products. Aa new alleles 
of DR and DO have been identified, the assignments have been 'entiC Thus. DR15 and DR1S are splits of DR2. DR1 1 
and DR12 are splits of DWS, and so forth. The *W designations (for HLA-C end HLA-DP) are "workshop" assignments 
because the serologic assignment* have been imprecise. 



pre ttenting cell, AFC) to sample either its own proteins (in the esse 
of MHC-I) or the proteins ingested from the immediate extracellu- 
lar environment (in the case of MHC-11). In particular, cell surface 
MHC claw 1 glycoproteins gather from the cell* biosynthetic path- 
way fragments of proteins derived from infecting viruses, intracel- 
lular parasites, or self molecules, either normally expressed or dys- 
icgulated by tumorigenesis, and then display these molecular 
fragments at (he cell surface (7,9,28). Here the cell-bound MHC- 
I-peptidc complex exposed on the APC is displayed to Ted Is. The 
second characteristic of the MHC-I molecule, the ability to interact 
with TCR, then allows the APC bearing a particular MHO-pepti dc 
complex to engage an appropriate o:p TCR as the first step in the 
activation of a col I ular program that might lead to cytolysis of the 
APC as a target and/or to the secretion of lymphokincs by the T 
cell. The interaction with the TCR is dependent on both the peptide 
and the MHC molecule. As a rule, a specific TCR will not bind the 
MHC molecule alone or when completed with an unrelated pep- 
tide. Some would argue that the major evolutionary basis for the 
development of such a system is to discriminate those cells of the 
host that are infected by viruses or other obligate intracellular par- 
asites (28). .Thus, a system that originally evolved for identifying 
cells afflicted by viruses or other imraccllular parasites might then 



also function to identify antigena specific to tumor cells (29). Fo 
MHC-I restricted antigens, the usual rule is that the peptides an 
generated in the same cell that synthesizes the MHC-I molecule 
Generally speaking, these peptides derive from proteins found it 
the cytosol thai are then degraded by the multiproteolytic proses 
some complex into peptides, and the resulting peptides, transports 
from the cytosol to me endoplasmic reticulum with the aid of ft* 
intrinsic membrane transporter, the transporter associated wifl 
antigen processing (TAP), are then cooperatively folded into Ch< 
- newly synthesized MHC-I molecule (30). 

Exploiting similar molecular mechanisms* MHC class II mole 
cules bind peptides derived from the degradation of protein: 
ingested by MHC-II-etpressing APC. and display them at the cci 
surface for recognition by specific T- lymphocytes. The MHC-I 
antigen presentation pathway is based on the initial assembly of 
MHC-11 ocp hctCTOdimer with a dual function molecule, the invsri 
ant chain (It) that serves as a chaperone to direct the a(3 hcl 
erodimer to an endosomal. acidic protein-processing location 
where it encounters antigenic peptides, which also serves to prof** 
die antigen-binding site of the MHC-1I molecule so that it prefer 
cntially will be loaded with antigenic peptides in this cndofO 
maWysosonial location (31 f 32). The loading of the MHC-ll mole 
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TABLE 3. Commonly used rooaee Strain*; H-2 haptolypas* 



Strain 


Haplotype 








H-Z complex 










K 


Ab 


Aa 


Eb 




D 


Oat 


Tta 


Common straw* 

Ajsrv*' 
A.SW/on 

C57HUO 
r'crtZi tin 


Q 

d 
k 
k 
b 
6 


b 
k 
a 
d 
k 
k 
b 
b 


b 
k 

9 

d 
k 
k 
b 
b 


b 
k 
s 
d 
k 
k 
b 
b 


b 
k 

0 

d 
k 
k 
b 
b 


Ar 
— 
d 
k 
k 
_ 
_ 


b 

k 

a ' 
.d 
k 

k 
b 

b 


b 
b 
b 
b 
b 
b 
b 
b 


f 
b 
b 
c 
b 
b 
b 
b 


CfiTBR 


k3 


k 


k 


k 


k 


k 


k 


a 


a 




d2 


d 
d 


d 
d 


d 
d 


d 
d 


d 
d 


d 
d 


b 
a 


c 
a 


P/ 1 

• r/J 


D 


p 


P 


P 


P 


P 


P 


a 


a 




x 


r 


r 


t 


r 


r 


r 




b 


SJL 


a2 




a 


a 


a 





a 


a 


a 






















tain RQ 


k2 


k 


k 


k 


k 


k 


k 


a 


a 


B10.D2 




d 


d 


d 


d 


d 


d 


b 


c 




a 


a 


a 


s 


a 


— 


8 


b 


b 




b 


b 


b 


b 


b 




b 


b 


b 




k 


k 


k 


k 


k 


At 


k 


b 


b 


C3H.3W 


b 


b 


b 


b 


b 


_ 


b 






DanA/nhifiAnf strains 




















* 




k 


k 


k 


k 


k 


d 






A Tl 


|f 


B 


k 


k 


k 


k 


d 














k 


k 


k 


d 








hi 


k 


k 




k 


k 


b 






B10.A(2R) 


h2 


k 


k 


k 


k 


k 


b 






B10.AC3R] 




b 


b 


b 


bfk 


k 


d 








h4 


k 


k 


k 


hb 




b 






4 B10.A(5R) 


IS 


b 


b 


b 


bAc 


k 


d 






B10.T(8B} 


y2 


<7 


«? 


q 


d 




d 






B10.S(7R) . 


12 


0 


e 




B 




d 






Ql0.6(aR) 




k 


k 


k 


Ma 




a 






B10.6(9R) 


#4 


s 


B 


a 


art 


k 


d 






B10.HTT 


t3 




0 


s 


soVk 


k 


4t 







"A dash indicates that the gene at that locus is not anproseed normally, though the precise mechanism In different 
strains may differ (270). Several' designations, such as 6c, &P, and kg, follow the suggestion of Undahl (19) to clarify dif- 
ferences In the genotype in some of the. distal MHC lod. 



cule with antigenic peptide a process dependent on the release of 
the li-dcrived CLIP peptide, in part dependeni on the MHC-U-likx 
molecule, HLA-DM in the human (33*34), then leads to the cell 
surface expression of MHC-I2 peptide complexes. The MHC- 
IJ-iecognhting T cells then accrete ryrnphoJcmcs ssd may also be 
induced to proliferate. Although these cell surface MHC molecules 
have been named for their strong effects in tumor and tissue trans- 
plantation across genetic barriers, their molecular and cellular 
function is more general, and it is perhaps better to think of MHC- 
J oi' MHC-1I as the names of the peptide receptor on the AFC. 

MHC-I and MHCU molecules, because of differences in their 
P"tem structure and the resulting differences in the cellular com- 
partments that they traverse from their biosynthesis to their matu- 
ration, have strong preferences for the origin of (he proteins that 
'fcy sample for antigen presentation (35,36). The MHC-I antigen ^ 
presentation pathway is most easily thought of as an insidc-out ^ j* 
pathway by which protein fragments of mofeoulefl synthesized by *' 



the cell are delivered to and bound by the MHC-I molecule during 
its biosynthesis. In contrast, the MHC-II antigen presentation path* 
way is best more clearly visualized as sn outsidr*iu one in which 
ingested proteins are degraded by enzymes in the endosomeWyso- 
flomsl system and are delivered to the MHC-II molecules in that 
degradalive compartment (37). These processes arc schematically 
illustrated in Fig. 1 and are described in more derail elsewhere in 
this volume. The biochemical steps involved in the production of 
antigen fragments from large molecules are collectively known as 
antigen processing, while those mat concern the binding of antigen 
fragments by MHC molecules and their display at the cell surface 
are known as antigen presentation. In general, the antigen-process- 
ing and ^presentation pathways have been described experimentally 
for peptide antigenic fragments derived from protein*, and pro- 
cessing is a aches of events focused on identification of the de- 
regulated or foreign protein and its proteolytic degradation into 
short peptides. Presentation consists of the binding of the peptide 



268 / Chapter 8 




FIG, 1. Antigen processing and presentation. The major pathways of processing and presentation am shown. 
Oyt090l*c proteins (shaded hexagons) era degraded in proteasomss to peptide fragments that are then transported 
into the endoplasmic reticulum by TAP. where ihey assemble with MHC-l/p2-ro complexes. From there they pass 
through the 3o4gi and trans GcHgJ network to the ceil surface. Exogenous proteins {striped hexagons) enter the endo- 
somal pathway, and in early or tale endosomes. or lysosomes, thoy arc proqreaoivery degraded to peptides. In sarly 
end lata endosomes. MHC- 1 1— in variant chain compauaae (ihat have been trafficked there horn the endoplasmic retic- 
ulum) are convened to MHC-I l/CUP complexes that are loaded with peptidea with the catalytic aid ol HLA-OM. These 
MHC-ll-peptide complexes then go to the plasma membrane. (Adapted from rets. 37 and 146.) 



fragment by the MHC-I or MHC-I I molecule and die subsequent 
movement Co the cell surface for display to the extracellular envi- 
ronment. 

In addition to showing preference to distinct pathways of antigen 
presentation, die MHC-I and MHC-Il molecules also show prefer- 
ential restriction to T cells of the CD8- or CD4-bearing subsets. 
This is related to the observation that CDS binds to the nonpofy- 
tnorpWc ot3 domain of MHC-I molecules (38-41), while CD4 
interacts with membrane proximal domains of MHC-U (42—44). 
The CD 8 and CD4 molecules serve as coreceptots on the Surface 
of the T-lymphocytc, providing both adhesion (avidity increase) 
and specific activating signals that modulate the avidity of the T 
cell in a time-dependent manner (45). Tabic 4 summarizes the sim- 
ilarities and differences between MHC-I and MHC-TI molecules. 

As high-resolution maps of the Mhc are developed, it has 
become clear that a number of molecules with function related to 
antigen presentation,, but not necessarily the antigen-presenting 
molecules themselves, also map to the Mhc. These include the H« 
2M and HLA-DM molecules of the mouse and human, which arc 
MHC-Jl-IIke m amino acid sequence, but which appear to play a 
catalytic role in augmenting die binding of peptides to MHC-Il 
molecules in the acidic endosomal or lysosomal compartment of 



the APC (46). The TAP I and TAP2 fienea encode molecules mat are 
related to those of the ATP-binding cassette transporter family (47), 
which are important in the delivery of peptides generated in the 
cyioBol to the nascent MHC-I molecule as It assembles with it* 
light chain p2-m. 

An additional function of MHC molecules that is not directly 
related to Tcell recognition has been recognized in recent year!- • 
This is to serve as elements for signal transduction to natural kUlef 
(NK) cells. NK. cells are non-T lymphoid cells that are capable of 
tysirig some tumor cells 1 targets and some cells infected with intra- 
cellular pathogens through a process known as natural killing- The 
expression by the target cell of MHC class I molecules can, in cer- 
tain cases, protect the target from lulling by the the NIC effector, and 
target cells defective in the expression of normal MHC class I cells 
are susceptible to such NK-celt lysis (1 1.48). In some other esses* 
receptors on NEC cells that interact with MHC-I arc activated by «*» 
interaction. Studies have revealed several families of activating and 
inhibitory receptors in the human, rat, and mouse. These recep- 
tors, in addition to falling into roughly two classes of Inhibitory 
receptors or activating receptors, also, by their structure, can & 
classed as either those chat belong to the immunoglobulin supergen* 
family or those that belong to the C-typc lectin family (49). 
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table 4, Comparison of MHC-l and MHC-Ji moteculee 
________ — — 



MHC-JI 



Genetics 

Tissue-specific expression 
Molecular structure 



9H« o( peptide acquisition 



Nature of peptide* bound 



T-ceil recognition 
Associate molecules 



Alternate function* 



Multiple heavy-chain loci, moat linked to the MMC 
Ught-chaln. 0**n ia genetically unlinked. 
WHO la, ubiquitous 



Heavy-chain-light -chain form hsterocfinner. Obftgate 
neii-suriaco molecule. Heavy ohain had three 
exfraoeJhif ar domains, a1 , a2. and o3. aVofc 
term peptide binding eile; eta and f)2-m are ig-liko. 
Only heavy chain la membrane-bound, (32-m is 
noncovalemty assembled. 

1. In endoplasmic reticulum during biosynthesis 

2. At cell surface when exposed to exogeneous 
peptides 

MHC-la preference for a to 10 mem; though longer 

peptides can be bound. 
ViorH* residues for particular MHC-i molecules 
CD1 capable of binding lipid antigens 
Primarily COS 4 
P2-microgiobulin 
TAP 
Tapasin 
Calnexln 

Interaction with NK receptors 
As nFcB, binding Fc 



Several heavy- and light-chain loci, e> and &-chaln 

genes linked to each other 
MHC-I! on B ceils, macrophage*, ctehdrftle cells, 

Langsr nans cells (in the mouse): in human, also 

found on T caffs and many activated cell types 
a end p chains form rteterodmier of four domains; 

at/01 form peptide binding site; aZ and 02 are lg- 

Uka. Both chains are membrane-bound. 

Association of nascent MHC-il with invariant 

chain. 

In endosome or lysosome where degraded products 
of kigealed proteins are encountered; binding of 
peptides mediated by H-2M (In mouse) or HLA- 
DM (human) • 

Longer peptides are acceptable. 



Primarily 
ti-rnva/ient chain 
M-2M. (HLA-DM) 



Interactions with NK receptors 



•THE MAJOR fflSTOC^MFATIBILITY COMPLEX 
M he Genetic Maps 

The MHC u an extended region of the genome that spans some 
4 million basepajra (bp) on the short arm of human chromosome 6 
between 6p21.31 and 6p21,32. In The mouse, the MHC occupies a 

. central region of about 2 cM of chromosome 17 that extends from 
t 8.0 to 20.0 cM. Although ibis region has nor yet bean contiguously 

; physically mapped in the mouse, it is likely that ft will extend for 
about the same distance (19). Genome mapping and sequencing 
have identified numerous genes in this region, many of which have 
functions critically related to those of the MHC ctats I or class II 
proteins, others of which have immunologically relevant functions 
fl« wall. However, a large number of genes that map to this region 
»feo seem to have vary little in common With immunologic function. 
Figure 2 shows schematically a map of some of the major genes of 
the human, mouse, and rat Mhc. which includes those that encode 
MHC-I and MHC-It proteins. These comparative maps are not 
drawn to scale end do not show every gene identified in the region. 
Tbree markers, Kc3, Ball, and Mog serve to define the gross colin- 
carity of the MHC of the three species (50), though there are clearly 
major differences between strains and in dividual a within a species 
snd between the species as well. The mapping information now 
available for the human is more extensive than that available for the 
mouse, and the rat lags behind the other species. A database of the 
Human If he is available via the Worldwide Web (httpV/www-hgmp. 
mrcae.ux) (51). A map showing the homology of mouse cbrorn-g 
tome 1? ta the human can be found ax (http 7Avww3 .ncbi , rum , luafl ^ 
gov/HQmoIogy/rnonael7.html), and a YAC map of the human A/Ac- 



/ region is at (httu://chimero.bic4cc^ 

jccts/hU-l/HLAyace.him). One tabulation counts 212 genes in 451 
loci that have been identified (51). With the continuing progress of 
the human genome project, we can expect that the full sequence of 
the 4,000 kbp of the human Mhc will be completed and the precise 
identification of open reading frames there will be made. Because 
Of its importance as a model system, the linear sequence of the Mhc 
of the mouse should also be completed. 

The human MHC map reveals clusters of genes grouped roughly 
- fato an Mhc class U region covering about 1,000 kb, an Mhc class 
III region, and an Mhc class 1 region (sec Fig. 2). HLA-DP genes 
(JDPA encoding the a chain, and DPB encoding the 0 chain) are 
proximal to the centromere on the short arm of the chromosome 
and are linked to the genes encoding the related HLA-DM mole- 
cule (DMB and DMA). Between these and the DQ genes lie IMP 
genes (for low-molccuUr-weight proteins (52-55)) and TAP 
(56-60) (for transporter associated with antigen-processing) genes. 
LMP and TAP genes encode molecules that arc involved in peptide 
generati on in the cytosol and peptide transport across the endo- 
plasmic reticulum (ER) membrane, respectively. The TAP genes 
encode a two-chain mtrinaic membrane protein that resides in the 
ER of all cells, and functions as an ATP-dcpendent transporter that 
pumps peptides generated in the cytosol into die lumen of the ER 
(47). Hie current view of the LMPa ia that they arc subunits of the 
mulri catalytic proteolytic proteajorne Complex chat regulate the 
specificity of cleavage of proteins, and thus modulate the reper- 
toire of peptides available for MHC-I restricted antigen presenta- 
tion (61, 62). An elegant description of die selective transport of 
cyioptssmioaUy generated peptides by different TAP proteini in the 
rar demonstrates that the spectrum of MHC-peptide complexes 
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